Introduction: Animal Psychology is not a Soft Science
=====================================================

Behavioral analysis, and perhaps psychology in general, has sometimes been looked down on as a softer science, especially when compared with other subdisciplines of biology such as genetics or neuroscience. This view is often echoed implicitly or explicitly based on a key and recurrent issue: replicability. Behavior often exhibits apparently higher variation (within experiment, across experiment, and/or across laboratories) compared with other biological features the scientist may chose to measure, and thus the findings may appear to be difficult to replicate ([@zow077-B16]). Having been worked in the fields of genetics and neuroscience, I debate the general validity of this argument. Nevertheless, I also acknowledge that indeed behavior can be frustratingly variable. However, this variability may be viewed not as a disadvantage, but rather as an opportunity. One may argue that the variability comes from behavior being more flexible, resulting from plasticity and the complexity of the brain. As such, behavior may be viewed as a phenotypical measure that is more responsive to environmental (extrinsic) as well as internal (intrinsic) factors than most other phenotypes, and this is where the opportunity lies. Behavioral analysis may be viewed as a tool with which one can efficiently probe the functioning of the central nervous system (CNS), a tool that allows one to detect even small and otherwise obscured functional changes in the brain ([@zow077-B23], 2014a). These changes may be induced by environmental factors, but may also be the result of other experimental manipulations, for example, genetic ([@zow077-B33]; [@zow077-B75]; [@zow077-B35]) or pharmacological manipulations ([@zow077-B42]; [@zow077-B2]; [@zow077-B35]). Thus, behavioral analysis may be utilized for testing how the animal responds to the ever-changing environment, and it may also be used to screen drugs or mutations thus allowing one to answer fundamental mechanistic questions about the brain.

Another reason why animal psychology is occasionally considered a soft science is that behavioral analysis appears to be very easy to conduct. For example, one of the most frequently utilized learning paradigms employed in neurobehavioral genetic research of relational memory is the Morris Water Maze ([@zow077-B69]). This maze is not employed with fish, instead mice or rats are required to swim and find a hidden target, a platform placed just below the water level in the maze. This task gained much attention among neuroscientists as it allowed the investigator to analyze the functioning of a crucial part of the brain, the hippocampus ([@zow077-B10]; [@zow077-B22]). But all this task requires is a large pool of water made murky with white water-color, a pedestal (platform) that is placed underneath the water surface, and a stop watch with which the experimenter measures how quickly the rat or mouse manages to get onto the platform and thus out of the water. It appears easy and simple. The simplicity of the task, however, is misleading ([@zow077-B22]). Decades of research showed that depending on how one runs the task, depending on numerous procedural, physical, and timing parameters of the task, and also depending on the genotype (strain origin) of the rodent tested in it, widely different results may be obtained ([@zow077-B49]; [@zow077-B79]).

Why is this discussion relevant to the focus of this review? The talks presented at the virtual reality symposium of the 34th International Ethological Conference in Cairns Australia nicely demonstrated that animal psychology methods are not simple, nor they are easy or imprecise. They are sophisticated, and can be conducted in a manner that allows precision, that is, increased replicability and consistency across experiments. One source of both these features (sophistication and consistency) comes from the increasingly powerful computer hardware and ingenious software applications employed in animal behavior research. This review will discuss neither of these features, however. It will not focus on the actual computer solutions. Instead, it will discuss HOW these methods may be utilized in animal research whose aim is to understand how the brain of the simplest vertebrate, fish, works.

Why Study Fish, and Why Zebrafish among all the Species?
========================================================

Fish are the simplest vertebrate species. Analysis of fish represents a reductionist approach, one which allows the investigator to study fundamental and evolutionarily more ancient aspects of our biology ([@zow077-B25]). The questions answered by fish research are important not only because of the evolutionarily ancient aspect of this taxon, but also because fish, and zebrafish in particular, have been shown to provide translationally relevant answers ([@zow077-B39]). Translational relevance is, of course, the result of the continuity of the evolutionary process. It manifests, for example, as conserved nucleotide sequence among zebrafish and human (or other mammalian) genes, as similarity of neurotransmitter systems of the zebrafish and human brains, and as efficacy of drugs in zebrafish originally developed for mammals ([@zow077-B39]; [@zow077-B72]a, [@zow077-B73]), to mention but a few features.

In addition to the relative simplicity of the zebrafish, this species has many other advantages that are now being recognized, and which make this little fish compete well with the traditional laboratory rodent species in biomedical research. Zebrafish are small (4 cm long), very prolific (a single female can produce 200 eggs at each spawning and may spawn multiple times a week), and easy to maintain (the zebrafish is a group forming fish and can be crowded in small tanks). It also happens to develop very fast (completes its organogenesis within 5 days), and remains practically transparent during this process. Due to these features, about 4 decades ago developmental biologists discovered the zebrafish ([@zow077-B74]; [@zow077-B32]), and geneticists started to assemble a molecular biology tool set specifically designed for this species ([@zow077-B40]; [@zow077-B32]; [@zow077-B59]). By now, the zebrafish has become one of the most preferred species of geneticists with powerful genome engineering tools and forward and reverse genetic techniques readily available for it ([@zow077-B15]; [@zow077-B6]).

The main bottleneck of zebrafish research concerned with understanding how the brain functions is the analysis of its behavior ([@zow077-B71]). However, even this area of research has seen a rapid growth with number of publications on zebrafish behavior showing a quasi-exponential increase over the past decade ([@zow077-B39]). The current review will focus on one aspect of this new development, the use of visual stimuli in the behavioral analysis of shoaling (group forming) responses in zebrafish. This focus is admittedly biased, as it is based on the studies conducted in my own laboratory. Clearly, other stimuli have also been successfully employed and behavioral tests other than those focused on shoaling are also important. For example, robotic fish in the context of antipredatory behavior have started to be employed in zebrafish ([@zow077-B45]).

Visual Stimuli: Ethological Relevance, Sophistication, and Control
==================================================================

Given the focus of the Virtual Reality Symposium of the International Ethological Congress held in 2015 in Cairns, Australia, all speakers, including myself focused on visual stimuli. Nevertheless, fish utilize stimuli of multiple modalities. They can hear ([@zow077-B44]), smell (Hamdaniel and Døving 2007), and perceive low frequency vibration via their lateral line ([@zow077-B7]) (somewhat equivalent to tactile stimulus perception in terrestrial species). Is the focus of research on visual stimuli and is the use of these stimuli as the method of experimental manipulation well justified? At this point, the answer to these questions is not well known. Nevertheless, it is clear that most fish species, with the zebrafish included, are diurnal, that is, active during the day. Being diurnal means that the visual system of the zebrafish is well developed, and visual cues represent salient features of the environment for this species ([@zow077-B55]). This is an important advantage of the zebrafish over the nocturnal laboratory rodents. Visual cues are much easier to manipulate than auditory or olfactory or lateral lines cues. Their on-set, off-set, location, and many other particular features of the stimulus can be precisely controlled. The equipment (e.g., monitors, cameras, computers) one employs to present and control visual stimuli is readily available from electronics stores for a relatively low cost, because our own species is also diurnal and uses visual stimuli in our daily life. Last, for the latter reason, the face validity, and often also the construct validity, of zebrafish paradigms and biological models of human brain function utilizing visual stimuli is high ([@zow077-B55]).

Nevertheless, vision is only one of several modalities fish use, and the question whether employing stimuli of other modalities is required or necessary in behavioral brain research remains to be answered. Some studies, including those with robotic fish have shown promise, for example ([@zow077-B45]). In these studies, the actual physical presence of the robotic fish provides not only visual but also auditory and lateral line stimuli to the experimental fish. The complication with robotic fish, however, is that controlling the movement and sound of the robot in a manner that makes its behavior ethologically relevant is rather complicated not only because of technical limitations, but also because of our limited understanding of the role of such stimuli in fish behavior. In this review, thus I focus on the modality that is best studied and most easily controlled: visual stimuli. But what visual stimuli should we use and how should we present them?

The answer to this question has now been found in a comprehensive review published in this special issue ([@zow077-B14]). In my laboratory, we have been studying the effects of visual stimuli in two main contexts, a form of social behavior, shoaling (group forming) ([@zow077-B54]), and fear or anxiety (or antipredatory behaviors) (Gerlai 2010a). Each of these different contexts represents idiosyncratic challenges, but has a common guiding principle: ethological relevance ([@zow077-B30]). In other words, we attempt to use stimuli that make sense from the perspectives of the evolutionary history and ecology of the zebrafish. In the current review, I only discuss our studies on shoaling behavior in the context of the methodological questions surrounding the use of visual stimuli.

Shoaling Behavior: How can we Induce and Measure It?
====================================================

Shoaling (group forming) is a fundamental and robust feature of the zebrafish ([@zow077-B26]). Zebrafish shoal in nature and in the laboratory ([@zow077-B51]; [@zow077-B53] and references therein, also see [@zow077-B58]). In nature, zebrafish have been observed to aggregate in groups with the size of these groups varying from only a few individuals to several hundred individuals ([@zow077-B17]). In the laboratory, shoaling has been induced and quantified in two fundamentally different ways. One of them is to employ freely moving fish and to record numerous shoaling behavior-related parameters, including inter-individual distance among shoal members (the average of all distances between a given focal fish and every other shoal member), nearest neighbor distance (the smallest distance between the focal fish and its neighbor), frequency of excursions (departures from the shoal), and polarization (the degree of synchronization of movement) of the shoal ([@zow077-B52], [@zow077-B54]). The second one, the focus of this section, is to use visual stimuli and measure the response of a single experimental subject to these stimuli ([@zow077-B68]). What visual stimuli should we use and how should we deliver them?

Pioneering studies have shown that zebrafish are not indifferent to the features of fish with which they form groups. Zebrafish do not shoal with everyone. For example, zebrafish have been found to shoal well with conspecifics of the same color or different color, but they have been found not to shoal with a hetero-specific shoaling species (white cloud *Tanichthys albonubes*) or a hetero-specific non-shoaling species of fish (platy *Xiphophorus maculatus*) ([@zow077-B68]) ([Figure 1](#zow077-F1){ref-type="fig"}). What stimuli the experimental zebrafish based their decision on whether to shoal or not to shoal are not known at this point. Nevertheless, subsequent analysis of visual stimuli using computer animation demonstrated that both the color and the shape of moving images of fish make a difference. In this study, experimental zebrafish were presented with a choice ([@zow077-B68]). On one side of the tank, the single experimental subject was shown animated (moving) images of a wild type zebrafish, and on the other side a similarly moving but altered images. The alterations ranged from color changes (yellow or red tinted images), modification of stripe pattern (wild type zebrafish are horizontally striped, and the modified images had no stripe or had horizontal stripes), or the shape of the images (elongated or more round body). Preference was evaluated by measuring how much time the experimental fish spent in the proximity of one versus the other image side. The results were somewhat surprising. Zebrafish were found to exhibit equal preference to images with wild type stripe pattern versus no stripe or vertical stripe pattern ([@zow077-B68]). They also did not show any change in the strength of preference toward the more rounded body shape, but showed a robust avoidance reaction toward the side where the elongated images were shown ([Figure 2](#zow077-F2){ref-type="fig"}) ([@zow077-B68]). A possible explanation for the latter is that the elongated images resembled a natural predator of the zebrafish, the needle fish ([@zow077-B68]). Also interesting was the finding that showed that zebrafish exhibited a differential preference toward yellow colored images over the wild type colored images ([Figure 2](#zow077-F2){ref-type="fig"}) ([@zow077-B68]). The potential explanation for this finding may be that during spawning, and also during aggressive encounters, zebrafish appear more vividly colored associated with enhanced golden, or yellow hue. Last, zebrafish are also sensitive to several other aspects of the visual stimuli intended to induce shoaling responses. For example, we have started to investigate the effects of the size and the number of conspecific images ([@zow077-B19]) as well as the speed, location, and numerous other features of these images on shoaling responses in zebrafish (Mahabir S, Gerlai R, unpublished data). Although these results are preliminary, they signify the need to conduct systematic and parametric analysis of numerous visual features as to how important or unimportant they may be for shoaling decisions in the zebrafish. Briefly, we do not yet know what a Platonian essence of zebrafishness is for the zebrafish, but we already do know that not every feature matters with the same weight and some features do not matter at all. Figure 1.Zebrafish do not shoal with everyone. For each recording session, 5 wild type experimental fish were mixed with 5 stimulus fish. All fish were allowed to swim freely and inter-individual distances between experimental zebrafish (the focal fish) and all stimulus fish were measured (as illustrated in panel E). Four different type of stimulus fish were used: (A) Platy *Xiphophorus maculatus*, a hetero-specific non-shoaling fish; (B) white cloud *Tanichthys albonubes*, a hetero-specific shoaling fish; (C) a gold color variant of zebrafish *Danio rerio*, a conspecific shoaling fish; and wild type zebrafish *Danio rerio*, a conspecific shoaling fish marked with a small tail clip to distinguish them from the experimental fish, which otherwise looked identical to the stimulus fish. The graph shows that experimental zebrafish swam significantly closer to conspecifics irrespective of their color when compared with hetero-specific shoaling or non-shoaling fish. Mean ± SEM are shown. The small letters above the bars represent the results of a Tukey Honestly Significant Difference multiple comparison post hoc analysis. Bars with different letter designations significantly (*P* \< 0.05) differ. Note that the results could not distinguish what features of the stimulus fish (e.g., their shape, color, pattern, movement, olfactory cues, etc.) drove the shoaling decision of the experimental zebrafish, or whether it was the experimental zebrafish's behavior or the stimulus fish's behavior or both, that led to differential shoal cohesion. For further details, full description of results and statistical analyses, see [@zow077-B68]. Modified from [@zow077-B68].Figure 2.Examples of visual stimulus feature preference/avoidance in zebrafish. The upper panel shows the different images shown to zebrafish. On one side of the experimental tank, a group of animated (moving) images of unaltered, wild type zebrafish (A) were presented, while on the opposite side, a group of animated images of one of the other six modified photos (B, C, D, E, F, or G) were shown (image D shows a yellow and E a red coloured zebrafish). The bar graphs show the percent of time a single experimental fish spent in the third of the tank near the wild type images, the center of the tank, and in the third of the tank near the modified images. Chance level performance (33%) is indicated by the solid horizontal line. Mean ± SEM are shown. Asterisks denote significant difference compared with chance (\**P *\< 0.05, \*\**P* \< 0.01, \*\*\**P *\< 0.001). Two experimental condition examples are shown: The left bar graph shows that experimental zebrafish exhibited a significant preference toward the yellow colored images. The bar graph on the right shows that zebrafish exhibited a significant avoidance of the elongated images. For further details, full description of results and statistical analyses, see [@zow077-B68]. Modified from [@zow077-B68].

These findings raise an important practical question too: how sophisticated must the image-presentation method be to induce maximal behavioral responses in the experimental zebrafish? Are visual cues alone sufficient to induce maximal shoaling responses, or do zebrafish also need olfactory, auditory, and/or lateral line cues when making shoaling decisions? Would realistic 3D image movement be required to induce maximal shoaling responses, or could simpler, more rudimentary image movement patterns be sufficient? Could only a subset of visual stimuli characteristic of a real zebrafish be sufficient? The above questions have started to be addressed by a recent study ([@zow077-B61]). In this study, we compared the strength of shoaling of experimental fish induced by different stimuli, including live stimulus fish inside the tank of the experimental zebrafish, live stimulus fish outside the tank of the experimental fish, presentation of a pre-recorded video showing live stimulus fish on a computer monitor, or presentation of animated (moving) images of zebrafish, respectively. Shoaling strength was quantified as the distance between the stimulus and the experimental fish during stimulus presentation ([Figure 3](#zow077-F3){ref-type="fig"}). The shorter the distance was, the stronger the shoaling response was considered. Live stimulus fish inside the tank of the experimental fish (separated from the experimental fish by a perforated and transparent acrylic sheet) allowed the experimental fish to perceive all stimuli irrespective of their modality. Presenting live stimulus fish outside of the experimental fish allowed the stimulus fish to perceive only visual cues of the stimulus fish. Presentation of video-recordings of live stimulus fish also provided visual cues only, but in this test the stimulus fish could not interact with or respond to the behavior of the experimental fish. Last, presentation of computer animated 2D images of zebrafish provided stimuli that neither interacted, nor moved realistically in 3D. Interestingly, comparison of shoaling strength across these different conditions found no differences the effect of the employed stimuli. All of these stimuli were effective and induced a robust shoaling response ([@zow077-B61]). Thus, we concluded that zebrafish did not require realistic 3D image software presentation tools, and did not require interactive image responses, nor did they need perception of stimuli of modalities other than visual in order to exhibit a maximal shoaling response. A simple 2D animated image presentation suffices. Although this finding may seem surprising at first sight, ethologists have long known that even complex vertebrates may use only a limited number of cues in a range of behavioral contexts. The concept of key stimulus triggering fixed action patterns is well appreciated in animal behavioral studies ([@zow077-B38]; [@zow077-B76]). For example, stickleback males respond equally vigorously with aggressive display to an approaching dominant male opponent or to a non-fish shaped object whose bottom part is colored red ([@zow077-B77]). Similarly, sea gull chicks will peck equally enthusiastically at the orange tipped beak of their mothers and also at a short stick presented to them with a similar color pattern (for review see [@zow077-B13]). Zebrafish may also use such key stimuli when deciding whether to shoal or not to shoal and may not need fully realistic rendering of the color, pattern, shape, and movement of live zebrafish. Figure 3.Comparison of different stimuli according to their effect on the shoaling response of experimental zebrafish. A single experimental fish was allowed to view one of the following different stimuli: live conspecifics inside the experimental tank, live conspecifics outside the experimental tank, video-recording of live conspecifics played back on a computer screen adjacent to the side wall of the experimental tank, animated images of conspecifics presented by the GFA software (developed inhouse) on a computer screen adjacent to one of the side walls of the experimental tank, and animated images of conspecifics presented by the ZFP software (developed inhouse) on a computer screen adjacent to one of the side walls of the experimental tank. The distance between the experimental fish from the stimulus is measured (shoaling response). The bar graph on the left shows the performance of experimental fish during the habituation session, when no stimuli are available. The bar graph on the right shows the performance of the experimental fish during stimulus presentation. Chance performance is indicated by the solid horizontal line (25 cm, the midpoint of the experimental tank). Mean ± SEM are shown. The results show that all stimulus conditions induced a robust shoaling response that was statistically indistinguishable across the different conditions. For further details and statistical analyses see [@zow077-B61]. Modified from [@zow077-B61].

However, some cautionary notes must be made about this conclusion. Conceptually, it is easy to see why zebrafish would require only a simplified virtual reality presentation. Instead of perceiving all stimuli that characterize shoal mates, they may only pay attention and/or respond to a very small subset of key features of their shoal mates. Thus, one may conclude that realistic 3D-like animation of zebrafish-like images is not necessary. Nevertheless, the above-discussed findings cannot be considered as final proof for this argument. The reason is that our assumption that there is a linear negative correlation between shoaling strength and the distance to the shoal stimulus may not be entirely correct. It is possible that this measure is not sensitive enough to, and thus may not properly quantify, true shoal preference. An alternative method, often employed in fish research, is the choice task, in which the contrasted stimuli are presented on two opposite ends or two different parts of the test apparatus (e.g., [@zow077-B68]; [@zow077-B34]). The second point to which I draw the reader's attention here is the potential context-specific nature of key stimuli. For example, under highly aversive conditions zebrafish may not exhibit selective preference for particular stripe patterns, and thus may shoal well with all fish as long as these fish are about the same size, shape, and general color as the experimental subject. This may be because areal predators (fishing birds) do not see the stripe pattern differences that the fish exhibit on their sides, and thus the oddity effect may not work for this type of stimulus ([@zow077-B46]). However, in the context of reproductive behavior, preference for the horizontal stripe pattern in the zebrafish is likely to be crucial. This is because there are several *danio* and *devario* species sympatric in nature with the zebrafish that, although exhibiting the same olive brown color on their back (when viewed from above), show highly different and species-specific color and stripe patterns on their side.

In summary, the investigation of what stimuli to use for the induction of shoaling is only beginning. Nevertheless, it is already clear that computer-aided animations can be employed effectively. Presentation of animated images allows consistent stimulus delivery, which is expected to reduce error variation within and across experiments. The on-set and offset of stimulus delivery can be precisely controlled, and numerous aspects of the presented visual stimuli may be systematically dissected and investigated. It is thus likely that soon we will have a detailed catalog of what visual stimuli we need to present and in what contexts to induce the desired behavioral responses in zebrafish. It is also likely that during the establishment of these methodological details, numerous findings related to ethological, ecological, and evolutionary fitness questions will be discovered. Last, the developed methods will allow us to use zebrafish in biomedical research, that is, in the analysis of brain function of the zebrafish and in the modeling of brain dysfunction associated human disorders ([@zow077-B29]; [@zow077-B39]), a topic we discuss in the last section of this review.

Shoaling, Biological Mechanisms, and Disease Models
===================================================

The number of genes that express mRNA in the brain of a vertebrate, including that of the zebrafish, is currently estimated to be around 10--15 thousand, well over 50% of the entire genome of the given species ([@zow077-B47]; [@zow077-B57]). Imaging neuronal activity in response to a simple visual stimulus in live immobilized zebrafish shows waves of a dazzling array of neuronal activity changes ([@zow077-B1]; [@zow077-B60]). Perception, processing, and responding to social stimuli may engage many parts of the zebrafish brain. Social behaviors, including shoaling, are arguably some of the most complex functions the zebrafish brain may perform. How can we understand all this complexity? Clearly, we are quite far from having a complete account of neurobiological mechanisms underlying vertebrate social behavior, but over the past several years a lot of information has already been accumulated on this subject.

Instead of reviewing this already vast literature, here I present a proof of principle example from my own laboratory, a narrowly focused hypothesis driven research on dopamine and the role of the dopaminergic system in zebrafish shoaling behavior. This focus has been warranted by the observation that the sight of conspecifics is rewarding in zebrafish ([@zow077-B3]) and that the dopaminergic system is involved in reward in a variety of vertebrate species ([@zow077-B37]; [@zow077-B21]; [@zow077-B81]). Zebrafish have been found to perform well in an associative learning task in which the reinforcement applied was visual access to live conspecific stimulus fish ([@zow077-B3]). When presentation of an otherwise neutral color cue card (the conditioned stimulus, CS) was paired with the presentation of live conspecifics (the unconditioned stimulus, or US), zebrafish quickly learned the association between these two sets of stimuli. After 20 pairing trials, when the color cue was presented alone, the trained experimental zebrafish preferred to stay in close proximity to the color cue ([@zow077-B3]). However, zebrafish that received the CS and US presented randomly during training, that is, not in a paired fashion, showed no preference for the CS (the cue card). In addition to proving the ability of zebrafish to acquire associative memory, this learning task also demonstrated that the sight of conspecifics is rewarding.

The dopaminergic system plays a fundamentally important role in reward and motivation in vertebrates. Thus, we wanted to investigate whether shoaling in zebrafish is mediated by this neurotransmitter system. We employed a dopamine D1-receptor antagonist SCH23390, which has known selectivity for D1-Receptors, at least in mammals ([@zow077-B12]). D1-R is one of the most abundantly expressed dopamine receptors in the zebrafish brain ([@zow077-B8]; [@zow077-B48]). Most proteins compared between zebrafish and mammals have been found to possess high amino-acid sequence similarity especially at functionally important parts of the proteins. Based on such evolutionary conservation across these distant species one may expect drugs developed for mammalian species (including humans) to show similar efficacy in the zebrafish. Thus, using the SCH23390 D1-R antagonist, we expected to significantly impair the functioning of the dopaminergic system. Interestingly, zebrafish immersed in the D1-R antagonist drug solution 30 min prior to a shoaling paradigm exhibited significant and dose-dependent disruption of shoaling without any obvious motor side effects ([Figure 4](#zow077-F4){ref-type="fig"}, panel B) ([@zow077-B70]). Although promising, such disruption may still be a result of altered performance features unrelated to shoaling itself. For example, unknown off-target drug effects may have impaired motor function (albeit not detected) or visual perception, or may have affected motivational features unrelated to shoaling, for example, fear and anxiety. Many of these putative changes may have modified shoaling responses. To examine this possibility we used an alternative approach. We induced shoaling using visual stimuli, and measured the response of the dopaminergic system to this stimulation ([@zow077-B65]). We removed the brains of zebrafish immediately after the stimulation and quantified the amount of dopamine and DOPAC (3,4-Dihydroxyphenylacetic acid, dopamine's metabolite) from the brain homogenates. Our results confirmed that the dopaminergic system is involved in shoaling ([Figure 4](#zow077-F4){ref-type="fig"}, panel C). Presentation of the shoaling images significantly increased the amount of dopamine and DOPAC in the brains of zebrafish ([@zow077-B65]). Importantly, presentation of animated images not resembling zebrafish did not induce the shoaling response, and these images also did not increase dopamine and DOPAC levels in the brain of the tested zebrafish ([@zow077-B65]). Last, the activation of the dopaminergic system by the presentation of animated conspecifics appeared to be specific to this neurotransmitter system, as changes in other neurochemicals including in the amount of serotonin and 5HIAA (serotonin's metabolite) were not induced by the presentation of animated conspecifics ([@zow077-B65]). The above results strongly suggest that the sight of conspecifics is a rewarding stimulus, and that shoaling is mediated by the dopaminergic system, which both may explain the strong shoal-forming tendency of the zebrafish. How can these results be utilized in modeling human disorders? Figure 4.The dopaminergic system is involved in shoaling. Panel A shows the apparatus used to induce shoaling and the image presentation screen with 5 moving zebrafish images. Note the two computer monitors placed adjacent to opposite sides of the tank. Also note that during a 10 min long habituation period neither of these screens shows any images. Subsequently, one of the two monitors presents animated images of zebrafish. Image presentation lasts for 8 min after which again both monitors show a blank (black) screen. Note that during the habituation period experimental zebrafish (tested singly) swim, on average, about 25 cm away from the stimulus screen (gray filled circles), the midpoint of the tank considered chance level performance. However, also note that in response to the animated images, the distance robustly decreases to about 10 cm (black filled circles), a response we regard as measure of the strength of shoaling (Panel B line graph on the left). Last, note that this shoaling response significantly and dose dependently diminishes when the experimental fish have been exposed to 0.1 mg/l or 1 mg/l bath concentration of SCH23390, a dopamine D1-receptor antagonist (panel B, line graphs in the middle and on the right, observe the reduced difference between the habituation period, gray filled circles and the stimulus period, black filled circles, performance). Mean ± SEM are shown. Panel C shows the amount of dopamine measured using HPLC from whole brain of zebrafish exposed to different stimuli (see legend). Note that a moving image in which the pixels of a prior zebrafish image were scrambled into a rectangular shaped object does not increase dopamine levels compared with control fish that were shown no images at all. However, presentation of animated images of conspecifics for does increase dopamine levels in the brain of zebrafish in an image presentation length dependent manner. Mean ± SEM are shown. For further methodological details, statistical analysis results and interpretation, see [@zow077-B70]; [@zow077-B65]. Modified from [@zow077-B70] and [@zow077-B65].

We have been studying the effect of alcohol in zebrafish ([@zow077-B31]; [@zow077-B27]). Alcohol is a complex drug that engages multiple neurotransmitter systems, one of which is the dopaminergic system. Dopamine has been shown to play fundamental roles in drug, including alcohol, abuse ([@zow077-B67]). However, also importantly, alcohol has been long known to significantly affect several domains of social behavior in humans ([@zow077-B9]; [@zow077-B80]). In addition to its acute and chronic effects, alcohol is also known to alter embryonic development ([@zow077-B66]). When pregnant women drink, their children often end up suffering from a lifelong disease, more or less severe forms of fetal alcohol spectrum disorders, FASD ([@zow077-B66]). Fetal alcohol spectrum disorders represent a huge societal burden and suffering with an estimated frequency of occurrence in children that can exceed 10% depending on country or region examined ([@zow077-B64]). Particularly prevalent are the milder forms of the disease ([@zow077-B50]). A behavioral feature common to a range of FASD cases, including the milder forms, has been increasingly recognized: abnormal social behavior ([@zow077-B78]; [@zow077-B56]; [@zow077-B43]; [@zow077-B62]).

We decided to attempt to model this disease with zebrafish. Such a model is not unrealistic. Unlike in many other human CNS disorders, FASD has a clearly indentified cause: embryonic alcohol exposure. We decided to model this disease by administering alcohol at doses that would represent the milder, and more prevalent forms of FASD, ones in which children do not suffer from major physical abnormalities but rather only exhibit behavioral changes including abnormal social behavior ([@zow077-B50]). We exposed zebrafish 24 h after fertilization for 2 h to alcohol ranging between 0.25 and 1.00 vol/vol% ([@zow077-B18]). This developmental time point represents the end of the segmentation and the beginning of the pharyngula stage of zebrafish development, which corresponds approximately to the late first or early second trimester of human fetal development ([@zow077-B41]; also see <http://zfin.org/zf_info/zfbook/stages/and><http://www.ehd.org/virtual-human-embryo/>). At this developmental stage, the major structural components of the brain have started to form, but neuronal connections have not been finalized and neuronal migration is still ongoing. Interestingly, unlike in prior studies where zebrafish embryos were exposed to higher doses of alcohol and for longer periods of alcohol administration (e.g., [@zow077-B5]; [@zow077-B4]), our zebrafish showed no changes in their anatomy or growth rate, and they experienced no increases in mortality ([@zow077-B18]). In fact, the exposed fish seemed completely unaltered. However, when we quantified their behavior during their adult stage, we found a significant and dose-dependent impairment in their response to animated images of conspecifics ([Figure 5](#zow077-F5){ref-type="fig"}, panel A) ([@zow077-B18]). Such impairment could be due to many factors, including impaired vision, impaired motor function, altered fear, etc. However, by now we have excluded all these possibilities ([@zow077-B18]; [@zow077-B11]; Seguin D, Gerlai R, unpublished data). What we have been left with is social behavior itself. It appears that embryonic alcohol exposure disrupted the development of the zebrafish brain leading to abnormal responding to conspecific images. Also importantly, we have shown that the impairment is replicable in a real shoaling situation: embryonic alcohol exposed fish form significantly less tight shoals than control alcohol unexposed fish do ([@zow077-B11]). Figure 5.Exposure to alcohol during embryonic development (2 h long immersion at 24th h post-fertilization) significantly diminishes responding to animated images of conspecifics at the behavioral (A) and neurochemistry (B) level. The behavioral test paradigm and apparatus is similar to that indicated in Figure 4. (A) Distance to the stimulus screen significantly diminishes when animated images of conspecifics are being shown, a response that is significantly and dose dependently diminishes in adult fish that were exposed to alcohol during their embryonic development. Mean ± SEM are shown. The stimulus period is indicated by the black solid horizontal bar underneath the line graphs. The unfilled horizontal bar underneath the line graphs represent the periods when the stimulus was off. The concentration of alcohol to which experimental fish were exposed during their embryonic development is indicated above the corresponding line graph. (B) The amount of dopamine relative to total brain protein weight is significantly increased in response to sight of animated conspecifics in control alcohol unexposed zebrafish. This dopamine response is, however, absent in adult fish that were exposed to alcohol during their embryonic development. Mean ± SEM are shown. The concentration of alcohol administered during embryonic development as well as stimulus condition (animated conspecifics absent versus present) is indicated underneath the bar graph. Modified from [@zow077-B18] and from [@zow077-B20].

What mechanism could explain the impaired shoaling response? It is likely that a teratogen-like alcohol induces a complex array of developmental changes that may manifest as complicated network of biochemical and structural abnormalities in the adult brain. We have started to map these abnormalities, but here I only focus on our proof of concept, that is, hypothesis driven approach. Given what we learned about the involvement of the dopaminergic system in shoaling and given the known interaction between alcohol and dopamine, we decided to check the dopaminergic system as a potential mediator of the embryonic alcohol exposure induced impairment in shoaling. We measured how the dopaminergic system responds to the presentation of conspecific images in fish that were never exposed to alcohol and in fish that were exposed to alcohol during their embryonic development ([@zow077-B20]). Interestingly, we found that although the baseline levels of dopamine and DOPAC were unaltered in alcohol-exposed fish, when these fish were shown the conspecific images, they did not increase dopamine and DOPAC levels in their brain, whereas fish that were never exposed to alcohol showed a robust dopamine and DOPAC response ([@zow077-B20]). In summary, we discovered that embryonic alcohol treatment disrupts shoaling and impairs dopaminergic responses to social stimuli when tested in adult fish.

The above example demonstrates how one can utilize presentation of visual stimuli in the analysis of zebrafish behavior and how such behavioral analysis may guide or complement modeling human CNS disorders or other neurobiological mechanisms-related studies. Clearly, the presentation of computer-animated visual stimuli adds sophistication, experimental control, and precision to animal behavioral studies. When paired with automated recording and quantification of behavioral responses, for example, with the use of video-tracking systems, such virtual-reality systems can be utilized for the analysis of a large number of subjects, because the experimenter does not need to be present and because a large number of apparati may be run in parallel. The ability to run multiple tests at the same time significantly increases throughput, which may allow one to conduct large-scale mutagenesis and/or drug screening studies (e.g., [@zow077-B63]; also see review by [@zow077-B24]). Such screening studies in turn may allow one to systematically analyze complex neurobiological phenomena, including the mechanisms of social behavior of vertebrates, and/or the mechanisms underlying fetal alcohol exposure induced changes in the brain. Once these mechanisms are discovered and better understood, this knowledge may be utilized in the development of therapeutic applications, and also in the identification of biomarkers that would aid diagnosis. Clearly, these are long-term goals, but I suggest the increasingly sophisticated virtual-reality methods coupled with the fast-paced development of molecular tool custom designed for the zebrafish, will make this little vertebrate an excellent tool for the neuroscientist.
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